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Introduction
It is now well known that photochemical oxidants such as ozone (O 3 ) and peroxy-acyl-nitrate (PAN) are generated by chemical reactions involving primary pollutants such as nitrogen oxides (NO X ) and reactive hydrocarbons (RH) in the atmosphere init is difficult to determine whether O 3 production during specific events is associated with the chemistry of High-and Low-NO X regimes (Sillman et al. 1990; Kleinman 1991 Kleinman , 1994 Roselle and Schere 1995) . The chemistry of High-NO X regime appears in urban areas with low RH/NO X ratios. The chemistry of Low-NO X regime appears in polluted rural and small urban areas with high RH/NO X ratios, where small NO X emission sources and high levels of biogenic hydrocarbon from forests exist (Milford et al. 1989 (Milford et al. , 1994 Sillman 1999; Kim et al. 2007 ). Milford et al. (1989 Milford et al. ( , 1994 , Sillman et al. (1990) , Roselle & Schere (1995) and Sillman (1999) investigated the relationship between O 3 and its primary pollutant emissions, and O 3 -NO X -RH chemistry in the United States, using a three-dimensional grid model. They reported that for Low-NO X regime, the process of O 3 formation is controlled almost entirely by NO X and is largely independent of RH. On the other hand, the production of O 3 for High-NO X regime decreases with RH. But a decrease in NO X leads to an increase in levels of OH and peroxy-radicals (HO 2 and RO 2 ) and corresponds to increasing O 3 at higher NO X emission levels. Many studies about O 3 productivity around megacities have been conducted in the recent years. For example, Gabusi & Volta (2005) and Lei et al. (2007) have shown that the production of O 3 is volatile organic compounds (VOC)-sensitive in urban areas (Milan and Mexico City metropolitan areas respectively) by using three-dimensional numerical simulations. Blanchard and Fairley (2001) have shown a spatial mapping of VOC and NO X -limitation of ozone formation in central California by using ground-based observations. In addition, Blanchard et al. (1999) studied the concentration and appearance time of peak O 3 in the United States, using a box model. They reported a nonlinear relationship between the concentration and appearance time of peak O 3 and the initial amounts of primary pollutants.
In the Osaka Bay area of Japan, the surface photochemical O 3 is also one of the most remarkable pollutants today, and it has been found that the concentration of O 3 in densely populated urban area is higher compared to the environmental standard. Therefore, it is essential to decrease the concentration of photochemical O 3 for the improvement of air quality. The aim of this study is to investigate the effect of reduction in primary pollutant emissions on generation of photochemical oxidants, and to suggest the method of reducing O 3 concentration for a typical summer period over the Osaka Bay and its surrounding areas of Japan. Using a three-dimensional grid model, the variations of concentration of O 3 and the time of appearance of peak O 3 as a function of NO X and RH emissions were simulated.
Methodology
Simulations in this study were performed with OASIS (Osaka university Atmospheric SImulation System), a three-dimensional grid model consisting of meteorological and air quality information, involving CBM-IV (Carbon Bond Mechanism IV, Gery et al. 1989 ) as a photochemical mechanism. The OASIS was developed and improved to simulate the regional meteorological conditions and air quality for the Osaka Bay and its surrounding areas of Japan by Yoshikawa et al. (1988) , Yamaguchi et al. (1992) , Yamaguchi (1993) , Kondo et al. (1996) , Kondo et al. (1999) , and Oh et al. (2000) . Their results showed high accuracy of OASIS for meteorological and general photochemical modeling over the Osaka Bay and its surrounding areas. The model structure and equations have been described in the research papers referred to above, and a brief account has been given in Appendix A.1.
The simulation was done over the area bounded by the rectangle 33°48´N, 35°36´N, 134°15´E, and 136°30´E which is about 180 km × 180 km (45 grid × 45 grid, a grid size = 4 km). The rectangle includes Osaka and Hyogo prefectures, and the neighboring areas. The vertical height of the model is 5 km with 15 layers, whose grid sizes are 8, 8, 8, 8, 48, 129, 210, 290, 371, 452, 532, 613, 694, 774, and 855 m. This is shown in Fig. 1 . The dots in Fig.  1 represent the monitoring stations of ambient air pollutants and meteorological conditions in Hyogo and Osaka. In this study, Harima (36 km × 28 km), Hanshin (32 km × 32 km), and Osaka areas (28 km × 36 km) were selected as regional representation (square boxes in Fig. 1) . Kim et al. (2006) took the same areas for their study on the basis of cluster analysis of observed O 3 concentrations in the month of August 1990s at the monitoring stations in Fig. 1 . Emissions of NO X and RH were estimated in the simulation area. Figure 2 shows the spatial distributions of anthropogenic NO X and RH emission flux (Kim et al. 2006) . The amounts of NO X and RH emissions from the anthropogenic sources were estimated to be 820 ton/day and 1200 ton/ day respectively in the area simulation. The higher NO X and RH emission fluxes were considered in the urban and coastal areas of Osaka and Hanshin areas. The Harima is characterized by small urban area or rural area involving more natural factors. The amount of emission of RH from the natural source was considered as 3000 ton/day in the simulation area. Hyogo, Wakayama, and Nara prefectures are mountainous regions having a large natural emission source for RH. The anthropogenic RH/NO X emission ratios were found out to be 6.1, 3.5 and 4.3 for the Harima, Hanshin, and Osaka areas respectively. In this study an attempt has been made to find out a relationship between photochemical O 3 and its primary pollutant emission levels, under the same simulation conditions of the previous study (Kim et al. 2006 ) for a typical summer period of fair weather with clear skies. Initial and boundary conditions for meteorological and air quality simulations were briefly described in Appendix A.2. Also, the results for the model test for the three objected areas have been shown in Appendix A.3. One hundred different combinations of the anthropogenic NO X and RH emission control levels (reductions by a unit of 10 [%], down to 90 [%] reduction from the existing emission levels) were used to develop concentration isopleths. The simulation results were discussed with the variations of the concentration and the time of appearance of peak O 3 at the ground-level. PAN as a photochemical oxidant and intermediate substances (OH and HO 2 radicals) on photochemical O 3 generation were also discussed.
Results and discussion

Peak O 3 Concentrations
For the Harima area, the simulation results are presented in Fig. 3 . The isopleths of the predicted peak levels of (a) O 3 and (b) PAN, as a function of reduction in NO X and RH emissions have been shown in Fig. 3 . It has been observed that the predicted peak O 3 concentration generally decreases with the reduction in NO X and RH emissions. In particular, the reduction in NO X emission led to more decrease in O 3 concentration than the reduction in RH emission. As an example, 50 [%] level. Therefore, it was concluded that for the Harima area the reduction in NO X was more effective in decreasing photochemical oxidants than the reduction in RH. These simulation results are discussed in the following sentences with the simplified general photochemical reactions (refer Table 1 ), even though atmospheric photochemistry is more complicated. In the Harima area, NO X concentrations are low, and the reduction of NO X emission leads to a decrease in both NO and NO 2 . Therefore, decreasing levels of NO 2 resulting from reduction of NO X emission directly lead to a decrease in O 3 production [refer (R1)]. Also, decreasing levels of NO resulting from by Kim et al. (2006) .
reduction of NO X emission lead to a decrease in OH and NO 2 [refer (R5)]. Thus, a decrease in NO X emission leads to a decrease in O 3 production and OH concentration. The reduction of RH emission reduces RO 2 concentration in (R2), and leads to a decrease in HO 2 in (R4). NO 2 production is decreased as a result of decreases in reaction of HO 2 with NO, (R5), and this corresponds to decreasing O 3 , (R1). However, it is difficult to discuss clearly on HO X (OH+HO 2 ) radicals using this specific propagation pathway, because HO X radicals are catalysts in the whole RH and NO X oxidation processes. To understand the O 3 -NO X -RH chemistry, the isopleths of predicted (a) OH and (b) HO 2 were studied for the Harima area at the same time when peak O 3 appears and the results were shown in Fig. 4 . OH and HO 2 concentrations decrease with reduction of NO X emission. However, reduction in RH emission resulted in a little increase in OH concentration, and a little decrease in HO 2 concentration. For the Osaka area, the isopleths of the predicted peak levels of (a) O 3 and (b) PAN are shown in concentration show a trend similar to that of O 3 . Therefore, it was suggested that the reduction in RH was more effective in decreasing photochemical oxidants than the reduction in NO X for the Osaka area. This important finding does not negate the reduction in NO X emission. It suggests that the reduction of RH emission is also needed for decrease in photochemical oxidants when NO X emission is controlled for the typical summer day in the Osaka area. This is called "well-balanced reduction" in this study. These simulation results can be also explained by the general photochemical reactions (Table 1 ). In the Osaka area, large NO X emission sources are contained, thus reduction of NO X emissions leads to an increase in OH concentration because of decreased formation Low-NOx shows that O 3 production is proportional to NO X but has a weak dependence on RH in the Low-NO X regime. However, it is not possible to find out a relationship between HO 2 and NO X for [HO 2 ] Low-NOx mathematically but the relationship is evident in Fig. 4 . This inconsistency suggests that the chemistry in the Harima area is not valid in the Low-NO X regime, which can be confirmed by the small difference of anthropogenic RH/NO X emission ratio from that in the Osaka area (6.1 vs. 
The Time of Appearance of Peak O 3
The variations of the time of appearance of peak O 3 were also investigated, as a function of reduction in NO X and RH emissions. Figure 7 shows the results for the (a) Harima and (b) Osaka areas. The time of appearance of peak O 3 predicted by the simulation model was around 1300 LST and 1400 LST at ordinary emission levels for the Harima and Osaka areas, respectively. For the Harima area, the time of appearance of peak O 3 is taking place 0.7 hours earlier and 0.7 hours later than the present level, with 50 [%] reduction in NO X and RH emissions, respectively. For the Osaka area, the time of appearance of peak O 3 is 1.5 hours earlier and 1.5 hours later than the present level, with 50 [%] reduction in NO X and RH emissions, respectively. Ohara et al. (1995) reported that the time of appearance of peak O 3 is later at lower RH/NO X ratio region than higher RH/NO X ratio region, in the Kanto and Kansai areas for the period 1978−1990. Also, Wakamatsu et al. (1999) reported that with the reduction in NO X and RH emissions, the time of appearance of peak O 3 was earlier and later than usual, by the study in the Kanto area. The results of this study agree well with their reports. However, the reasons for the variations in the time of appearance of peak O 3 with reduction in NO X and RH emissions are not clear in their reports. Tie et al. (2007) have reported that the peak O 3 occurs in the early hours of the day for the high RH emission case (for decrease in NO X or increase in RH emission in this study). They have concluded that for the high RH emission case, reactions of alkenes with OH play more important roles in controlling O 3 concentrations, and O 3 production from alkenes peaks earlier because alkenes react fastest with OH in the early hours of the day.
In this study an attempt has been made to investigate the relationship between the time of appearance of peak O 3 and wind transport of the pollutants. The variations in the time of appearance of peak O 3 from coastal area to inland in the simulation area were investigated, with 50 [%] reductions in NO X and RH emissions, and the results are shown in Fig. 8 . A−C, D−F, and G−I represent the points of study from coastal area to inland. And also, the spatial distribution of the wind flow at 1400LST was presented in the figure. The times of appearance of peak O 3 at each point [shown in Fig. 8 (c) ] were earlier and later than present level, with the reductions of NO X and RH emissions reJournal of the Meteorological Society of Japan Vol. 86, No. 5 890 Table 1 . P(O 3 ) : O 3 production rate.
spectively. These trends of the time of appearance of peak O 3 have already been described in Fig. 7 . The results also show that the time of appearance of peak O 3 is later in the inland area than over the coastal area. These results suggest that the sea breeze [shown in Fig. 8 (b) ] is responsible for the transport of photochemical pollutants from near coastal area to inland during the daytime, when pollutant emissions are higher compared to night time. Also, the times of appearance of peak O 3 for controls of wind speed as a function of reduction in (a) NO X and (b) RH emissions were also investigated. The simulation results for the Osaka area were shown in Fig. 9 . The results for the Harima and Hanshin areas are similar to that over the Osaka area (not shown in this paper). In this figure, the base represents the case when the wind is calculated from the meteorological model under normal conditions. 0.8WS, 0.7WS, 0.5WS, 0.4WS, and 0.3WS represent cases when the base wind speed is reduced by 20, 30, 50, 60, and 70 [%] , respectively. With reductions in wind speed at ordinary emission levels, the time of appearance of peak O 3 is later than the existing level owing to the decreasing transport of photochemical pollutants from the polluted coastal area to inland by winds. The large variations of the time of appearance of peak O 3 in the emissions reduction scenario are presented under the meteorological condition of higher wind speed, for example base, 0.8WS, and 0.7WS cases.
However, the variations of the time of appearance of peak O 3 in the emissions reduction scenario decreased with the reductions in wind speed, and are very small when reduction in wind speed is 50 [%] or more. For the 0.3WS case as a meteorological calm condition, the time of appearance of peak O 3 is 0.07 hours earlier and 0.15 hours later than the existing level, with 50 [%] reductions in NO X and RH emissions, respectively.
The time of appearance of peak O 3 concentration changes in the emissions reduction scenario. However, it is difficult to clarify the exact reasons of the variations of the time of appearance of peak O 3 , although Tie et al. (2007) have attributed it to the reactions of alkenes with OH. Not only does the O 3 production depend on the complicated photochemistry but also the meteorological, geographical, and physical conditions in the targeted area. In this study, we could not role out the effect of the wind transport of pollutants such as NO X , RH, and also O 3 . Reduction in wind speed brings the delay of peak O 3 at the polluted coastal area owing to the decreasing outflow of photochemical pollutants to inland. Also, the variations of the time of appearance of peak O 3 in the emissions reduction scenario are very small under the meteorological calm condition. It may be understood that the targeted area under the calm condition may be assumed to be in near meteorological steady-state like chamber experiments. In the near steady-state in absence of any significant sea breeze, enough primary pollutants and O 3 remain over the polluted coastal areas because of very little mixing or outflow. This leads to small variations of the time of appearance of peak O 3 due to the emissions reduction scenario. However, further investigations on the photochemistry of O 3 -NO X -RH, the chemical chamber experiments, and the objective observations of the wind transport of pollutants are necessary for understanding the exact reasons for the variations in the time of appearance of peak O 3 .
Conclusions
To investigate the photochemical pollution and improve the air quality over the Osaka Bay and its surrounding areas, many studies such as estimation of primary pollutant emissions, evaluation of photochemical O 3 , and clarification of atmospheric photochemistry have been conducted. In this study, the effect of emission levels of primary pollutants such as NO X and RH on photochemical oxidants generation was investigated and discussed for the typical summer day over the Osaka Bay and its surrounding areas using a three dimensional grid model.
In the Harima area, reductions in NO X and RH emissions led to a decrease in O 3 production and OH and HO 2 radicals concentrations, so that reduction in NO X emission was more effective in decreasing photochemical oxidants than RH emission. In the Hanshin and Osaka areas, predicted O 3 concentration decreased with a reduction in RH emissions. However, it was suggested that reduction in NO X emission led to an increase in OH and HO 2 radical concentrations corresponding to an increase in O 3 concentration in the higher NO X emission levels. It has also been found that the time of appearance of peak O 3 is earlier with the reduction in NO X emission and later with the reduction in RH emission. However, the variations in the time of appearance of peak O 3 due to reduction in NO X and RH emissions are very small under the meteorological calm condition. Sea breeze may be responsible for the transport of the pollutants from the polluted coastal to inland areas during the daytime. These important results suggest that a foolproof method of reduction in both NO X and RH emissions is required for decrease in photochemical pollution and further improvement of air quality over the Osaka Bay and its surrounding areas of Japan.
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Appendix
A.1 Model Description
Simulations in this study have been performed with OASIS which was developed to simulate the meteorological conditions (wind, potential temperature, specific humidity, and turbulence diffusion, etc.) and air quality (air pollutants such as NO, NO 2 , and O 3 ) involving photochemical mechanism. The structure of these simulation models and the model equations are briefly described as below.
The vertical coordinate used in the model in order to analyze complex terrain effectively is z * . The relation between z * vertical coordinate and Cartesian vertical coordinate (z) is given by:
where s and s represent the top levels of the model atmosphere for the Cartesian and z * coordinates, respectively. z G represents the level of the ground surface. The boundary layer equations in the meteorological model are the equations of motion, thermodynamic energy equation, the moisture continuity equation, the equation of mass continuity, and the hydrostatic equation. The set of equations is written in the terrain using the z * vertical coordinate system. 
where,
Also,
where, nomenclatures are shown as follows: The upwind, the forward, and the Leap-Frog method are used for the numerical advection, the time, and the other schemes of the model, respectively. Also, the method by Mahrer and Pielke (1975) is used for the diffusion scheme.
The model atmosphere of the vertical direction is divided into two regions according to height such as the surface layer and the Ekman boundary layer. The empirical equations of Businger et al. (1971) which are based on similarity theory of Monin-Obukhov are used to calculate the vertical diffusion coefficient in the surface layer. The turbulence closure model proposed by Mellor and Yamada (1982) is used to calculate the vertical diffusion coefficient in Ekman boundary layer.
The land-use in a grid area is classified into three categories such as bare, vegetation, and water surfaces. The surface energy budget in the model is estimated from a weighted average of that on each surface. The bare surface is calculated as follows:
where, S g ↓ and S g ↑ represent the downward and upward short wave radiations at the ground surface, respectively. R g ↓ and R g ↑ represent the downward and upward long wave radiations at the ground surface, respectively. H g and l w E g represent the sensible and latent heat flux at the ground surface, respectively. G represents the soil heat flux and Q A the artificial exhaust heat flux. The equations at the top of vegetation and ground surface by Deardorff (1978) are described as follows:
where, S h ↓ and S h ↑ represent the downward and upward short wave radiation at the top of the vegetation, respectively. R h ↓ and R h ↑ represent the downward and upward long wave radiation at the top of the vegetation, respectively. H h and l w E h represent the sensible and latent heat flux at the top of the vegetation, respectively. The artificial exhaust heat flux for the surface energy budget equation within the vegetation has been neglected comparing with Eq. (15) for the bare surface. The water surface temperature was defined as a sine function.
where, T W and T sea represent the temperature at water surface and sea, respectively. t LST represents the local standard time of Japan. The air quality model is based on the principle of mass conservation, and includes an atmospheric chemistry mechanism, meteorological conditions, and pollutant emissions from sources. Based on these elements, the mass conservation equation in the z * vertical coordinate system can be written as follows:
where c i represents the concentration of the chemical species (i ). R i , Q i , and D i represent the chemical reaction, emission, and deposition terms of the chemical species (i ), respectively. Dc i /Dt and Diff(c i ) represent the differentiation and the diffusion terms of the chemical species given as Eqs. (8) and (9), respectively. The iterative upwind finitedifference scheme (Smolarkiewicz, 1983) has been used for the numerical advection scheme of the model. The vertical diffusion coefficient for heat has been used to calculate the vertical diffusion coefficient for pollutants. But, the horizontal diffusion is neglected, in comparison to numerical viscosity. The dry deposition process is only used for the deposition process of pollutants to ground surface, for a typical summer of fine weather condition in this study. The deposition flux (F d ) is calculated with the deposition velocity (v g ), and was defined as follows:
Here, using v g is a mathematical convenience that is not always viewed with complete approval because its use can result in over-simplifications of atmospheric process. Nevertheless, v g is a variable necessary for the determination of deposition rates in some numerical schemes and it provides a basis for evaluating the accuracy of vertical fluxes determined indirectly, such as by material balances over large volumes. This v g is calculated with resistances in the boundary layer, and is defined as follows:
where, r a , r b , and r c represent an aerodynamic, a viscosity, and a surface resistance, respectively, and are described as follows: 
where, u * represents the friction velocity, κ the von Karman's constant, L the Monin-Obukhov length, and z 0 the roughness length. ψ h represents the integral value of the non-dimensional universal function by Businger (1971) . r b at the land surface has been calculated with the method by Wesley and Hicks (1977) , and at the water surface, with the method by Chamberlain (1966) , using the Schmidt number (Sc) and the Prandtl number (Pr). r c depends on such factors as the type and condition of the surface, the latter aspect being influenced by water availability, solar radiation level, and air temperature. In this study, the values of r c have been taken from the various experiments (Chamberlain 1966; Garland and Penkett 1976; Garland 1977; Wesley and Hicks 1977; Colbeck and Harrison 1985; Kondo et al. 1999) . The Carbon Bond Mechanism IV (CBM-IV) by Gery et al. (1989) has been used for the chemical reactions mechanism in this study. CBM-IV is a popular photochemical reaction model, and consists of 33 chemical species and 81 reaction equations. In CBM-IV, species of reaction hydrocarbons important in photochemical reactions are classified on the basis of the similarity of their chemical bonding. The emission components of hydrocarbons are classified as PAR, OLE, ETH, TOL or XYL. PAR stands for paraffin species with a carbon single bond, OLE for olefin species with a carbon double bond, ETH and TOL for ethene and toluene species with mono-alkyl-benzene groups, respectively, and XYL for xylene species with di-or tri-alkyl-benzene groups.
A.2 Initial and Boundary Conditions a. Meteorological Simulation
Initial wind velocity is given as 0 [m s [m] . Initial diffusion coefficient was calculated by Mellor and Yamada (1982) . Surface boundary conditions of wind velocity, potential temperature, and specific humidity have been calculated with similarity theory of Monin-Obukhov. Model for the surface energy budget by Deardorff (1978) is used to calculate surface temperature. Top boundary conditions have been assumed to be the same as initial conditions. For lateral boundary conditions, 0 gradient for meteorological variables has been assumed.
b. Air Quality Simulation
If the period of a calculation exceeds more than one day, it is ascertained empirically that the initial concentrations do not have any significant impact on the calculation results. Therefore, it is not considered necessary to be overly concerned about assignment of initial concentrations. In this study, the initial concentrations are set according to the Urban Airshed Model (UAM) manual (U.S. EPA 1990) . The different concentrations of pollutants are assumed for surface and upper levels. The initial concentration is given as the lower value for upper level than for the surface level. Surface boundary condition has been given as the surface deposition flux. Top boundary conditions have been given as constant, same as the initial concentration. Lateral boundary conditions have been assumed to have no gradient. The photolysis constant is calculated by the spline interpolation with the zenith angles (U.S. EPA 1990).
A.3 Model Test
Model capability for the wind field has already been verified by Kim et al. (2006) . They showed the comparison of the predicted wind vectors with the observed values for six coastal stations over the Osaka Bay and its surrounding areas. Their results show high accuracy of OASIS for wind field. In this study, the spatial mean values of wind vectors for the targeted three areas (Harima, Hanshin, and Osaka) are verified, and the results are shown in Fig. 10 . The predicted diurnal variations in wind vectors agree reasonably well with the observed ones in general, although there is a slight disagreement during the nighttime. Also, the index of agreement (d) is calculated (Willmott 1982; Willmott et al. 1985) . The results during the daytime (the mean value of 0800LST~1900LST) and nighttime (the mean value of 0100LST~0700LST and 2000LST~2400LST) are 0.65 and 0.57, respectively. These values suggest the capability of the model used (Uno et al. 1996; Kim et al. 2006) . Using the results of Kim et al. (2006) , the concentrations of photochemical O 3 for the three targeted areas were estimated by using the OASIS. The peak O 3 concentration on a typical summer day appeared between 1300 LST and 1400 LST, and was found to be much higher than the environment standard level of Japan. The predicted concentrations and diurnal variations of O 3 agreed reasonably well with the observed ones. Here, the model capability for NO X as the primary pollutants on generating photochemical oxidants is additionally verified. However, the model capability for RHs could not be verified because of the paucity of observed data for the chemical species of RHs. The comparison of the predicted with the observed diurnal variations for NO and NO 2 is shown in Fig. 11 . The concentrations are the spatial mean values for the Harima, Hanshin, and Osaka areas. The standard deviations of each observed value are shown for an interval of four hours. Peak NO concentration appears at 0700 LST, but NO sink occurs by the production of photochemical oxidants right from the time of the sunrise. Peak NO 2 con- centration appears around 0900 LST~1000 LST and 1800 LST~1900 LST due to higher emission level from vehicle during the rush hours. These diurnal variations of the predicted NO and NO 2 agree reasonably well with the observed ones for each area. Also, the predicted concentrations agreed reasonably well with the observed values as a whole. The coefficient of correlation between the predicted and observed values in Fig. 11 shows that it is more than 0.7 for NO and NO 2 (shown in Fig. 12 ).
